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a b s t r a c t

The application of nanocarriers as selective drug delivery platforms, as imaging or as diagnostic agents
has been evaluated in several studies in the area of biomedicine, namely for cancer therapy. Such systems
have the potential to perform a controlled and site-specific delivery of therapeutic agents leading to a
reduction of side effects and, ultimately, to an improved therapeutic outcome. Among the different
nanocarriers developed so far, mesoporous silica nanoparticles have attracted the attention of the sci-
entific community for being applied as drug delivery systems that are capable of controlling, both in
space and time, the drug release. In this review, the modifications performed, so far, on mesoporous silica
nanoparticles to imprint them a stimulus responsive behavior (namely, pH, redox potential, adenosine
triphosphate, enzyme or temperature) in order to allow their application in cancer therapy are
highlighted.

© 2016 Elsevier Inc. All rights reserved.
1. Introduction

The developments achieved in the area of nanotechnology in
the past decades allowed the production of various nano-sized
platforms, such as drug/gene delivery systems (DDSs) [1], bio-
sensors [2], biomarkers [3] and imaging [4] that are currently being
applied in different areas like electronics and medicine. Particu-
larly, the enhanced properties displayed by the nano-sized plat-
forms prompted their application in the transport and delivery of
specific drugs to treat diseases such as cancer [5], Alzheimer [6] and
Parkinson [7]. Particularly, in cancer therapy, the DDSs can have a
huge impact on the therapeutic outcome attained with conven-
tional chemotherapies [8]. Nano-sized carriers such as liposomes,
dendrimers, polymeric and inorganic carriers can be used to
encapsulate poorly soluble anti-cancer drugs, protect them from
premature degradation in the body, and also decrease their inter-
actionwith healthy tissues, thus reducing side effects. Furthermore,
the DDSs take advantage of their reduced size and specific surface
properties to effectively accumulate in tumor tissue, through a
process that exploits the abnormal vasculature of the tumor, i.e., the
enhanced permeability and retention effect (EPR) (passive target-
ing) [9]. Moreover, the functionalization of DDSs with targeting
ligands (active targeting) allow them to interact with specific cells
thus reducing the nonspecific tissue biodistribution [10e12].
Another important aspect that has to be taken into account in the
design and production of nano-sized DDSs is their capacity to
perform a controlled release at the tumor site in response to a
specific stimulus [13].

The DDSs can be produced with a wide number of different
organic and inorganic materials including natural and synthetic
polymers, lipids, self-assembling amphiphilic molecules, metals
and other inorganic materials [14]. The raw material selection is
highly influenced by the pretended application in which the
nanoparticles will be enrolled in (imaging, therapy, diagnostic or
theranostics), the cargo characteristics, the material biocompati-
bility and the desired route of administration. Several different
DDSs based on organic materials have already been assayed in
clinical trials, although only a few were approved by the Food and
Drug Administration (FDA) for cancer therapy (e.g. Abraxane®,
DaunoXome® and Doxil®). On the other side, most of the nano-
carriers based on inorganic materials are still in preclinical or basic
research development phase. Among them, gold and silica nano-
particles are an exception, since they received the FDA approval to
be assayed in clinical trials for cancer therapy or imaging applica-
tions [15].

The silica nanoparticles, especially those with mesopores, have
attracted the interest of the scientific community due to their po-
tential to be applied in the nanomedicine field. The main
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Abbreviation list

AP 3-aminopropyl
ATP Adenosine triphosphate
BA Bafilomycin A1
CTAB Hexadecyltrimethylammonium bromide
DDSs Drug delivery systems
Dox Doxorubicin
DTT Dithiothreitol
EPR Enhanced permeation and retention effect
FAP N-folate-3-aminopropyl
FDA Food and Drug Administration
FITC Fluorescein isothiocyanate
GEGP 3-[N-(2-guanidinoethyl) guanidino]propyl
GP Guanidinopropyl
GSH Glutathione
MMP Matrix metalloproteinase

MSNs Mesoporous silica nanoparticles
NIR Near infrared
PEG Poly (ethylene glycol)
PHEMA Poly (2-hydroxyethyl methacrylate)
PVP Poly (2-vinylpyridine)
RBCs Red blood cells
RES Reticuloendothelial system
RGD Arg-Gly-Asp
ROS Reactive oxygen species
SMCC Succinimidyl 4-N-maleimidomethyl cyclohexane-1-

carboxylate
S-NPs Ultra-small lanthanide doped nanoparticles with ultra-

thin TaOx layer
TEOS Tetraethyl orthosilicate
TMOS Tetramethyl orthosilicate
Zn-Por-CA-PEG PEGylated tetraphenylporphyrin zinc
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advantages of mesoporous silica nanoparticles (MSNs) arise from
its simple, scalable, and cost-effective fabrication as well as its non-
toxic matrix structure, large pore volume and surface area that is
prone to be functionalized [16,17]. Furthermore, the tubular pores
presented by MSNs increase their drug loading capacity, which is
fundamental to avoid drug degradation during administration and
blood circulation [18]. Moreover, the combination of the tubular
pores and the high number of silanol groups present on particle's
surface allow the use of various gatekeepers (e.g. polymers, nano-
particles or small molecules) to seal the cargo loaded on MSNs
[19e21].

In recent years, MSNs development included structure design,
biosafety profile characterization, biodistribution and mechanisms
of excretion studies [22e25]. Herein, the recent progress on the
development of stimuli-responsive MSNs for cancer treatment are
summarized, focusing on the different modification performed on
MSNs to imprint them a stimuli-responsive character (e.g. pH,
redox, adenosine triphosphate (ATP), enzyme, and temperature).
2. Mesoporous silica nanoparticles

The synthesis of monodispersed silica particles involves a sol-
gel method that was reported for the first time by St€ober et al. in
1968. Such method involves the hydrolysis of tetraalkyl silicates in
an alcohol and water solution using ammonia as a catalyst, to
originate non-porous silica particles that can be engineered to
possess sizes in the range of a few nanometers to some microns
[26]. MSNs were initially synthesized through a modification of the
method described above, by using micelles formed by cationic
surfactants, like hexadecyltrimethylammonium bromide (CTAB),
that act as the templating agents for the formation of particle
mesopores [27]. To accomplish that the silica precursor (tetra-
methyl orthosilicate (TMOS), tetraethyl orthosilicate (TEOS) or
other) is added into a heated basic solution containing CTAB. Then,
occurs the base-catalyzed hydrolysis of the silica precursor, since
the OH� groups present in solution attack this molecule (TMOS or
TEOS) through a nucleophilic attack mechanism [28]. This reaction
will promote the removal of the alkoxy group (OeCH2eCH3 in TEOS
case) allowing the condensation of these molecules via siloxane
bonds (SieOeSi) at the surface of surfactant micelles [28]. Such
process occurs through the electrostatic interactions between the
cationic surfactant template and the negatively charged silica
species, leading to the formation of a silica wall and by the
combination of these structures the MSNs are formed [29]. For a
detailed review of the MSNs synthesis procedures the readers are
referred to [29].

The MSNs, particularly the MCM-41 type, are characterized by
their honeycomb-like porous structure that has a large number of
empty channels (mesopores) that run from one end of the structure
to the other without showing interconnections. They also possess
unique properties such as a tunable particle size, stable and rigid
framework, a high surface area (>700 m2/g), large pore volume
(>0.6 cm3/g), uniform and adjustable pore size (2e10 nm) and good
chemical and thermal stability [30,31]. When compared to the
organic nanocarriers, MSNs are more resistant to pH, temperature
variations and also to mechanical stress, which renders them an
improved capacity to protect the drug cargo when in contact with
body fluids [32]. Moreover, the large pore volume and tunable pore
sizes displayed by MSNs allow the incorporation of bioactive mol-
ecules with a higher efficiency [16]. Drugs, genes or proteins are
usually loaded in MSNs by immersing them in solutions containing
the therapeutic molecules [33]. In this process, the therapeutic
molecules are encapsulated in the MSNs matrix by adsorption, a
process that involves the formation of hydrogen bonds or electro-
static interactions between the cargo molecules and the MSNs [34].
The loading process can be further enhanced by using a solvent
evaporation method, employing cycles of impregnation and evap-
oration that are fundamental to promote the drug diffusion into the
pores by capillarity, and ultimately increase the loading efficiency
[35]. Moreover, since MSNs can endure the exposition to organic
solvents, the appropriate solvent can be chosen to attain a complete
solubilization of the therapeutic molecule leading to an increased
drug encapsulation efficiency. The MSNs pore size is another
important parameter that greatly influence the particles capacity to
adsorb specific therapeutic molecules. The MSNs pores usually
have a diameter of 2e4 nm, which impairs the loading of larger
molecules, although in literature different reports have been
showing that it is possible to tune the pore sizes up to 30 nm by
using quaternary ammonium surfactants with different lengths or
even polymers (e.g. Pluronic F127) [36,37]. Such modifications
allow the encapsulation of a wide number of molecules, spawning
from small drugs to larger DNA molecules or proteins [38,39].

On the other side, due to the silanol groups present on MSNs
surface, the functionalization of MSNs with different molecules can
occur either by covalent bonding or through electrostatic in-
teractions [40]. The covalent grafting of functional moieties usually
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involves, in a first step, the introduction of silane modified mate-
rials using co-condensation or post-synthetic grafting methods
[41]. The co-condensation method relies on the hydrolysis of the
silanemodifiedmaterials while theMSNs are forming, allowing the
incorporation of the functional moieties in the resultant silica
structure. On the other hand, post-synthetic grafting methods are
performed after the MSNs synthesis (before or after the pore
template removal) to add the functional groups mainly on MSNs
surface. Alternatively, the functional moieties can also be intro-
duced on the MSNs through electrostatic interactions. Such process
takes advantage of the negatively charged silanol groups available
on MSNs surface that can interact with the positively charged
groups present in the functional moieties, resulting in the
adsorption of these molecules on MSNs surface. MSNs functional-
ization can be used to improve particle biocompatibility, tumor
accumulation or to restrain the uncontrolled pre-leakage of ther-
apeutic agents before they arrive to tumor site [42e44].
3. MSNs application in cancer therapy

Surgery, radiotherapy, chemotherapy or their combination are
still the most used therapeutic approaches used for cancer therapy.
In chemotherapy, the administration of highly cytotoxic drugs is
hindered by their low water solubility, rapid degradation,
decreased bioavailability and lack of specificity, which is respon-
sible for severe side effects [45e47]. Such features highlight the
limitations of anti-cancer drugs used nowadays in the clinic, since
there are constraints relatively to the maximum dose and number
of treatments that can be administered to each patient [19]. In fact,
such dose restriction in conjugation with a decreased bioavail-
ability, usually, results in a lower therapeutic outcome and can
trigger the development of resistance to these therapies by cancer
cells [48]. Therefore, it is crucial to develop carriers that are capable
of protecting the drugs and deliver them in a spatial and temporally
controlled fashion that improve their therapeutic outcome. In the
last decade, MSNs for anti-cancer purposes have been used in a
huge number of studies (please see Fig. 1). These nanoparticles
were tested as diagnostic systems (fluorescence imaging or mag-
netic resonance imaging), therapeutic devices (drug delivery or
Fig. 1. Mesoporous silica nanoparticles multifunctionality and cargo loading possibilities. D
from solution. Furthermore, different pore capping or blocking agents can be used to create
can be modified with a polymer, such as PEG and PHEMA to imprint them stealth properties,
ligands (antibodies, small molecules, aptamers, etc.) to increase the particle specificity to th
the particle tracking and tumor imaging.
photothermal therapy), or even as theranostics agents (single
nanocarriers that are capable of combining the diagnostic and
therapeutic functions) [49e52]. Such efforts prompted the opti-
mization of MSNs size, architecture and surface properties that
include the application of stealth agents and/or targeting ligands to
enhance MSNs biocompatibility, biodistribution and accumulation
at the tumor site [53e55]. Furthermore, tracking agents such as
quantum dots, iron oxide nanoparticles or fluorescent dyes have
been also incorporated into MSNs to allow the monitoring of the
nanoparticle fate in the human body. Simultaneously, MSNs can
also be used to transport bioactive molecules and then deliver them
to a specific target [56e58].
3.1. MSNs accumulation at the tumor tissue

The application of DDSs in cancer therapy can be impaired by a
wide number of factors that modify the biodistribution and phar-
macokinetic profile of the nanocarriers and subsequently limits
their accumulation in tumor tissues. In fact, the nano-sized MSN-
based systems can accumulate within tumor tissues through the
EPR effect [59,60]. This effect is the result of the rapid tumor growth
and simultaneous formation of new blood vessels. These newly
formed blood vessels possess a leaky epithelium and a discontin-
uous microvasculature with fenestrations sizes of approximately
400 nm (this value can vary depending on the author) [61,62],
therefore, nanoparticles with sizes inferior to these value are able
to extravasate from the blood stream and accumulate in tumor
tissue [63].

However, for a nanocarrier take advantage of the EPR effect, they
must be able to avoid its rapid clearance and recognition by the
reticuloendothelial system (RES) [64,65]. In the literature, it is
described that nanocarriers with sizes inferior to 5 nm are rapidly
cleared by renal filtration [66,67]. Moreover, those that have sizes
lower than 50 nm will interact with the hepatocytes and become
accumulated in the liver, whereas nanocarriers with sizes superior
to 200 nm will be entrapped by the spleen and liver (please see
Fig. 2) [66,67]. Accordingly, He et al. reported a gradual increase of
MSNs accumulation in liver and spleen when the MSNs size
increased from 80 to 360 nm [68]. To overcome such drawbacks,
ifferent therapeutic biomolecules can be loaded into MSNs mesopores by adsorption
stimuli responsive drug delivery MSNs based systems. Additionally, the MSNs surface
avoiding its early elimination. The MSNs system can be further modified with targeting
e tumor tissue, and tracking agents (fluorescent dyes and contrast molecules) to allow



Fig. 2. Representation of the different barriers that the nanoparticles have to surpass during blood circulation. The nanoparticles must avoid renal, liver and spleen clearance to
increase blood circulation times and the probability to accumulate in tumor tissue. Afterward, particles must be able to extravasate through the leaky tumor vasculature and
ultimately interact with the target cells to exert its therapeutic effect.
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MSNs functionalization with hydrophilic polymers (e.g., poly
(ethylene glycol) (PEG) [69] and poly(2-hydroxyethyl methacrylate)
(PHEMA) [70]) increase the nanocarrier blood circulation time,
reduce the nanoparticle opsonization and avoid the formation of a
protein corona on their surface, which is responsible for RES
recognition and subsequent nanocarriers elimination [71]. In
addition, He and coworkers also characterized the effect of MSNs
PEGylation on the nonspecific protein binding, phagocytosis and
hemolysis [72]. Their results revealed that the covalent grafting of
PEG to MSNs surface avoids undesired interactions with biological
components. They also disclosed that PEG, with a molecular weight
of 10 000 Da and a density of 0.75%, is the best option to circumvent
protein adsorption on MSNs surface, phagocytosis, and hemolysis
when MSNs are used as DDSs. Moreover, the functionalization of
MSNs with biologically active ligands such as antibodies (e.g.,
monoclonal antibody [73]), peptides (e.g., Arg-Gly-Asp (RGD) [74]),
and small molecules (e.g., Folate [75]) can improve nanocarriers
interactionwith the target cells and augment their accumulation at
the target site (see Fig. 1 for further details).
3.2. MSNs cellular uptake

One of the most important barriers that nanocarriers have to
overcome to deliver drugs to target cells is the cell membrane. In
mammalian cells, there are multiple pathways for DDSs be inter-
nalized by endocytosis, which can be further divided into two main
categories, phagocytosis and pinocytosis [76]. Specialized cells (e.g.
monocytes, macrophages and neutrophils) internalize large parti-
cles through phagocytosis, in a process that involves the engulfing
of particles with sizes superior to 750 nm [77]. Alternatively,
smaller particles, with sizes lower than 200e300 nm, are usually
internalized through pinocytosis [76]. The pinocytosis can be
further divided in clathrin-dependent, caveolin-dependent, re-
ceptor mediated, and clathrin- and caveolin-independent path-
ways (for a detailed review of the nanoparticles endocytosis
process the readers are referred to [78]). The nanocarrier size,
morphology and surface properties will impact on the internali-
zation rate and the endocytic pathway used for MSNs transport into
the cell cytoplasm. Zhu and coworkers evaluated the uptake
pathways and entrance efficiency of MSNs produced with various
sizes (55.6, 167.8 and 307.6 nm) [79]. Their results revealed that the
endocytosis pathway and cellular uptake efficiency is size depen-
dent, i.e. an increase inMSNs sizes lead to a decrease in their uptake
efficiency. Furthermore, the size variation of MSNs also led to their
cellular uptake through different endocytic pathways: clathrin-
dependent via was used for larger MSNs; clathrin- and caveolin-
dependent pathways were used for MSNs with 167.8 nm; while
smaller particles used an energy independent pathway [79].
Slowing and colleagues described that the endocytosis mechanism
used for MSNs internalization is also dependent on nanocarriers
surface functionalization [80]. In their work, the MSNs were func-
tionalized with fluorescein isothiocyanate (FITC-MSNs, zeta
potential �34.73 mV), 3-aminopropyl (AP-MSNs, zeta
potential �4.68 mV), guanidinopropyl (GP-MSNs, zeta
potential �3.25 mV), 3-[N-(2-guanidinoethyl) guanidino]propyl
(GEGP-MSNs, zeta potential þ0.57 mV) and N-folate-3-
aminopropyl (FAP-MSNs, zeta potential þ12.81 mV) and then
incubated with HeLa cells in the presence or absence of uptake
pathways inhibitors. Their data revealed that the nanoparticles
with most negative (FITC-MSNs) and the most positive (FAP-MSNs)
zeta potential were the only ones to be internalized via clathrin-
mediated mechanisms. Moreover, FAP-MSNs endocytosis was also
mediated by folate receptors present at cells surface. The AP- and
GP-MSNs uptake occurs through a caveolin-dependent mechanism,
since the particles uptake was impaired by the caveolin inhibitors.
Additionally, no mechanism of endocytosis was purposed for
GEGP-MSNs since no change in their uptake was noticed when
endocytic pathways inhibitors were used.
3.3. MSNs cytotoxic profile

A critical factor that affects nanocarrier application in biomed-
ical applications is their biocompatibility. Despite the several
studies performed so far for addressing MSNs biocompatibility, the
mechanisms by which MSNs can lead, in certain cases, to cellular
toxicity remain unclear [81e83]. The biocompatibility of these
nanoparticles can be affected by several factors such as surface
charge, particle size, morphology and porosity [84,85].

Nonetheless, the MSNs cytotoxicity has been associated to the
presence of silanol groups (SieOH) on their surface [83]. These
groups can establish hydrogen bonds with the membrane compo-
nents, or when they become dissociated (SieO-) interact with the
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positively charged phospholipids [82,83]. Such interactions can
cause cell lysis or at a phagosome level, induce the disruption of
vesicle membrane and lead to the subsequent release of hydrolytic
enzymes into the cytoplasm [82]. Further, the MSNs surface can
induce the formation of reactive oxygen species (ROS), like the
hydroxyl radical [86]. When they are present in low concentrations,
the ROS can stimulate the production of inflammatory mediators
that can promote mutagenesis and carcinogenesis [84,87]. How-
ever, at higher concentrations, these radical species have the ca-
pacity to disrupt cell membranes, damage the DNA molecules and
promote cell apoptosis [88].

MSNs size can significantly impact their biocompatibility.
However, contradictory information is found in literature, Slowing
et al. reported that a decrease in MSNs size would lead to a reduced
hemolysis of red blood cells (RBCs) [83], whereas Lin and Haynes
reported a higher RBCs when the size of MSNs decrease from 260 to
25 nm [89]. Furthermore, the MSNs biocompatibility can also be
dependent on the cell type. Yu and colleagues observed that
RAW264.7 macrophage cells were more sensible to the MSNs
exposition than A549 cancer cells, particularly for MSNs concen-
trations ranging from 250 to 500 mg/mL [82]. Notwithstanding, to
date, various studies have shown that the MSNs are biocompatible
with various types of mammalian cells, when concentrations lower
than 200 mg/mL are used [82,90]. Moreover, it has been also re-
ported that cell membrane integrity remains conserved after MSNs
be uptaken and cells continue to display a normal morphology and
mitochondrial activity [43,91,92].

The long-term biocompatibility, biodistribution, biodegradation
and excretion of MSNs is not fully characterized. He and coworkers
observed that mice injected with MSNs and PEGylated MSNs with
different particle sizes (80, 120, 200 and 360 nm) survived for 1
month and no pathological abnormalities in the major organs were
noticed [68]. Additionally, it was also reported that MSNs are
excreted in urine and feces [55,93]. He and colleagues observed
that 15e45% of the total injected amount of MSNs were excreted in
urine, only 30 min post-injection [68]. However, a deeper charac-
terization of MSNs biocompatibility is required, since modifications
onMSNs particle geometry, porosity and surface features will affect
the particles in vivo behavior.

4. Stimuli-responsive MSNs

The capacity to control the release profile and also to deliver a
specific cargo to a target cell or tissue still remains one of the main
challenges for the development of nano-sized carriers aimed for
cancer therapy [94]. To accomplish such objectives, stimuli-
responsive nanocarriers are currently being developed. Such sys-
tems allow a triggered release of a molecule in response to a local or
external stimulus, such as pH, temperature, enzymatic, electro-
magnetic field, near infrared (NIR) radiation, redox potential, ul-
trasound and ATP (please see Fig. 3 for further details). This
approach reduces drug interactions with healthy tissues during its
circulation in the human body, thus contributing to the reduction of
chemotherapy side effects. Therefore, a huge effort has been done
for developing MSNs based systems capable of attaining a
controlled and sustained delivery of bioactive molecules [95e97].

Taking into account that the drug reservoirs in MSNs are
comprised by their tubular pores, the blocking of this structures
with stimuli-responsive nanomaterials will prevent the drug pre-
mature release and subsequently, drug undesired interactions
[98,99]. The controlled release of the cargo from MSNs-based sys-
tems can be achieved at three different levels (please see Fig. 4): i)
coating particle surface [100], ii) pore sealing with molecular/par-
ticle gates [101], or iii) cargo coupling to the internal wall of the
pore [102]. In turn, these three different approaches will rely on
two types of response, the destruction or conformational change of
the pore sealing agent or the use of labile/cleavable bonds that are
broken upon stimulus exposition [43,103,104].

In the next topics, the approaches used to imprinting a stimuli
responsiveness to the MSNs will be presented as well as the
mechanisms of the drug release and its impact on the drugs release
profile from these nanocarriers (a detailed list can be found in
Table 1).

4.1. pH-responsive MSNs

The pH-responsive behavior is one of the most explored prop-
erties to design and produce nano-systems aimed for cancer ther-
apy. The tumor microenvironment is characterized by pH values
lower than the ones displayed by normal tissues. Such, can be
attributed to the high cellular proliferative rate (e.g. increased acid
lactic production), the increased efflux of intracellular protons (Hþ)
and low blood perfusion of tumor tissues [105,106]. Altogether,
these factors lead to a decrease in oxygen content and a limited
capacity to remove the acidic waste products resultant from
metabolism [105]. Furthermore, at a subcellular level, in late
endosomes and lysosomes, the nano-sized transporters can find
even more acidic environments, with pH values ranging from 4.5 to
5.5 [107]. Therefore, this pH gradient has been explored for
conferring specific drug release profiles to MSNs within tumor
tissue.

Niedermayer and colleagues produced MSNs coated with
poly(2-vinylpyridine) (PVP) and PEG and functionalized with acid
folic to deliver doxorubicin (Dox) to T24 cancer cells [108]. Their
results revealed that the incubation of PVP-coated MSNs at acidic
pH values (pH 5.0) greatly promoted the cargo release, while at pH
7.4 only 4% of the cargo was released. This pH-dependent behavior
of the particle is conferred by PVP protonation in contact with
acidic environments, which will lead to the swelling of the poly-
meric matrix followed by cargo diffusion out of the pores. In a
similar approach, Feng et al. developed a pH-responsive MSNs-
based system by using an Alginate/Chitosan multilayer coating to
perform drug delivery to HeLa cancer cells [109]. In their study, Dox
was used as amodel drug and the Alginate/Chitosan polyelectrolyte
layers were assembled via electrostatic interaction in a process that
involved their alternated deposition on MSNs surface. The in vitro
assays revealed that an increased amount of drug was released,
7.5%e60.1%, when the pHwas reduced from 7.4 to 4. Such result can
be explained by the protonation of the chitosan NH2 groups that
leads to the swelling of the polymeric matrix and also to an
increased electrostatic repulsion between the polymer and Dox
molecules, thus promoting the drug diffusion through the poly-
meric coating to the external medium. Further, in vivo bio-
distribution assays performed in healthy rats demonstrated that
the polyelectrolyte-coated MSNs limits Dox accumulation in major
organs, which is fundamental to decrease the non-specific toxicity.
Moreira et al. developed calcium carbonate coated MSNs for
ibuprofen and Dox delivery to prostate cancer cells [43]. In their
release experiments, the incubation of the coated MSNs at pH 7.4
showed a slow drug release, while at acidic pH a faster drug release
was obtained. Such results can be explained by the rapid calcium
carbonate dissociation into Ca2þ and CO3

2�, when exposed to acidic
media, whereas at physiological pH this material is relatively stable
and present a much slower degradation rate. Moreover, when
compared to the non-coated particles, the calcium carbonate
coated MSNs favored the Dox accumulation in the cell nucleus and
cytoplasm of prostate cancer cells, improving the drugs cytotoxic
capacity.

One alternative to MSNs surface coating involves the utilization
of pore capping agents that will confine the drugs into the interior



Fig. 3. Representation of the different stimuli that can be used to trigger the nanoparticle cargo release in the tumor tissue. The triggered release of the nanocarrier cargo in
response to an environmental or external stimulus, present in the cancer tissue, will allow to avoid the host/drug interaction in healthy tissues and maximize the therapeutic effect.
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of the pore. Yao and colleagues developed an acid sensitive capping
agent based on PEGylated tetraphenylporphyrin zinc (Zn-Por-CA-
PEG) and further modified the MSNs surface with histidine to
deliver Dox to HeLa and MCF-7 cancer cells [110]. The pore capping
agent was assembled by the formation of non-covalent bonds be-
tween the zinc on Zn-Por-CA-PEG molecules and the histidine
grafted on MSNs surface. The release profile of these systems was
characterized at pH values ranging from 5.3 to 7.4, revealing that as
the pH decreases the amount of Dox released increase, reaching a
maximumvalue of 80% at pH 5.3. This pH-dependent release profile
results from the dissociation of the Zn-Por-CA-PEG/histidine com-
plex at acidic pH values that promoted the pore uncapping and
consequent Dox diffusion to the surrounding media. Consonantly,
Chen and coworkers grafted ultra-small lanthanide doped nano-
particles with ultra-thin TaOx layer (S-NPs) on the MSNs surface via
acetals linkers to control the Dox delivery to HeLa cells (Fig. 5) [111].
In their approach, the acetal linker suffers hydrolysis at low pH
values, allowing the removal of the S-NPs used to block the pore
openings followed by drug release. Such behavior was confirmed
through release experiments performed at different pH values. At
pH 7.4 only 5% of the drug was released, while for pH 2.0 and 5.0 a
pronounced Dox release was attained (about 90% and 60%,
respectively). Moreover, in in vivo assays, the coated MSNs had a
higher inhibitory effect on tumor growth and all the treated mice
survived during the 30 days, which contrast with the 50% of mice
survival rate obtained when free Dox was administered [111].

On the other hand, a controlled drug release fromMSNs can also
be achieved by promoting drug interactions with the pore wall. He
and coworkers developed a pH-responsive MSNs based system to
deliver Dox to MCF-7 cancer cells [112], where Dox was encapsu-
lated in the interior of the CTAB micelles that acted as pore struc-
turing agents during MSNs synthesis. The performed release
experiments revealed that when MSNs were incubated at physio-
logical pH Dox was scarcely released. In contrast, a completely
different result was attained when MSNs were incubated in acidic
media (pH 4 to 6.8), where a prompt release of Dox to the exterior
medium was observed. The pH responsiveness presented by this
system is originated by the electrostatic interactions that occur
between the negatively charged silanol groups of MSNs and
cationic quaternary ammonium cations available on CTAB micelles.
When MSNs are in acidic environments they become less negative,
leading to a reduction of the electrostatic interaction established
between the MSNs and CTAB micelles and consequently a drug
release to the exterior of the particle occurs. The in vivo application
of Dox-loaded MSNs revealed that these nanoparticles besides
being accumulated in tumor tissue, were also gathered by liver,
spleen and lungs. Interestingly, the authors did not observe the Dox
presence in the nucleus of normal cells, a fact attributed to the
MSNs acidic dependent release behavior. A different approach was
used by Lee and colleagues where Dox was linked to the internal
pore surface of nanoparticles, previously modified with reactive
hydrazone bonds [102]. For that purpose, the interior pore wall of
MSNs was modified with aldehyde groups via triethoxysilylbutyr-
aldehyde. Afterward, the aldehyde groups were reacted with hy-
drazide group from adipic acid dihydrazide to produce a reactive
hydrazone bond. To immobilize Doxmolecules inside the pores, the
remaining hydrazide groups of adipic acid were reacted with the
ketone group of Dox, originating an additional hydrazone bond. The
utilization of this pH sensitive linker resulted in an unnoticeable
Dox release at neutral pH, while MSNs incubation in acidic condi-
tions (pH 1.0, 4.5 and 5.5) led to a pH-responsive Dox removal from
the pore wall followed by its release to the surrounding medium.
Further, cell studies performed in the presence or absence of bafi-
lomycin A1 (BA) (a vacuolar type Hþ-ATPase inhibitor that leads to
an increased endosomal/lysosomal pH), revealed that the admin-
istration of Dox-loaded MSNs to HepG2 cells resulted in a cell
viability of 30%, whereas when BAwas present the cellular viability
was near to 90%. Such results demonstrate the importance of the
pH-responsive behavior of MSNs since the BA presence promoted



Fig. 4. Representation of the strategies utilized to create stimuli-responsive MSNs and the most common responses to the stimuli exposition. The stimuli responsiveness of MSNs
can be achieved at three different levels, surface coating, pore capping or through drug interactions with internal pore wall. In turn, the changes that the stimuli exposition promote
on MSNs will allow the drug diffusion to out of the pores.
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the pH neutralization of endosomes/lysosomes and, consequently,
the MSNs did not release the Dox inside cells.

4.2. Redox-triggered release

The redox responsive behavior of MSNs has also been studied
for attaining a cargo controlled release. In the human body, the
glutathione (GSH)/glutathione disulfide is one of the major redox
couples that plays a relevant role in avoiding the damage caused by
ROS species [113]. In fact, the GSH concentration in tumor cells is
100e1000 times superior to that found in the extracellular fluids
[114,115]. Therefore, redox responsible nano-systems are aimed to
disassemble and release their cargo in the cell cytoplasm, using as a
trigger the redox potential [116]. Usually, redox responsive nano-
systems incorporate a disulfide bond (general structure ReSeSeR)
that is degraded in the presence of reducing agents, such as GSH
[116,117].

One strategy employed for the production of redox responsive
MSNs based systems is based on grafting polymers to the particle
surface through disulfide bonds. Li and coworkers developed a
redox-responsive MSN system by linking to the particle surface,
through thiol bonds, a peptide containing an RGD sequence to
deliver Dox to U87 MG cancer cells [74]. In their study, MSNs were
initially incubated in a low reductive environment ([GSH] ¼ 2 mM)
and a Dox release of 33% was attained, while for a GSH concen-
tration of 10mM, a Dox release of 78%was determined. Such results
suggest that the peptide incorporation on MSNs surface can block
and control the drug release through a mechanism that involves
thiol bonds degradation, in response to reductive environments.
Consequently, peptide detachment from MSNs surface allows drug
diffusion out of the pores. Moreover, cellular studies showed that
the RGD functionalized MSNs had a higher cytotoxic effect on U87
MG cancer cells than the non-targeted counterparts. Furthermore,
Sun and colleagues developed a Dox-loaded MSN-based system
coated with oligo (ethylene glycol) acrylate crosslinked with N, N0-
cystaminebismethacrylamide and then tested its application as
DDS in African green monkey kidney cells transformed with a
Simian Vacuolating Virus 40 (COS-7) cells [118]. The incubation of
this system in a non-reductive environment promoted a drug
release of 32%, whereas its incubation with 20 mM dithiothreitol



Table 1
Mesoporous silica nanoparticles (MSNs) stimuli responsive approaches: Therapeutic target, capping agent, MSNs physical properties before coating or capping and drug
release mechanisms.

Stimuli Approach Therapeutic
target

Type of test Capping agent MSNs physical parameters Release mechanism Ref.

Size
(nm)

Pore
diameter
(nm) and
volume (cm3/
g)

Particle
surface
area (m2/
g)

pH Surface
Coating

e Proof of concept Chitosan 110 Pore
Diameter: 2.4
Pore Volume:
1.03

1020 Polymer conformational changes
when exposed to acidic pH

[147]

e Proof of concept Poly (4-vinyl pyridine) n.d. Pore
Diameter: 2.5
Pore Volume:
n.d.

640 Polymer conformational changes
when exposed to acidic pH

[148]

Cervical
cancer

In vitro e HeLa
cells

Coordination polymers of zinc and
1,4-bis (imidazol-1-ylmethyl)
benzene (BIX)

100 Pore
Diameter: 2.7
Pore Volume:
0.88

803 Coordination bonds between BIX
and Zn are labile and dissociate at
acidic pH

[149]

Bladder
cancer

In vitro e T24 cells Poly (2-vinyl pyridine) 90 Pore
Diameter:
3.78
Pore Volume:
0.79.

1097 Polymer conformational changes
when exposed to acidic pH

[108]

Cervical
cancer

In vitro e HeLa
cells
In vivo e

Sprague�Dawley
rats
(Biodistribution
studies)

Alginate/chitosan polymer layers 110.2 Pore
Diameter: 5.7
Pore Volume:
n.d.

167.4 Polymer conformational changes
when exposed to acidic pH

[109]

Prostate
cancer

In vitro e PC-3
cells

Calcium carbonate 156 Pore
Diameter: 3.2
Pore Volume:
0.4

857 Calcium carbonate dissociation in
acidic pH

[43]

Pore
Capping

e Proof of concept Fe3O4 nanoparticles 100 Pore
Diameter: 3.6
Pore Volume:
1.15

1293 Acid-labile boronate ester linker [150]

Cervical and
Breast
cancer

In vitro e HeLa and
MCF-7 cells

Zn-Por-CA-PEG/histidine complex 145 Pore
Diameter:
2.32
Pore Volume:
n.d.

1197 Dissociation of the Zn-Por-CA-PEG/
histidine complex in acidic
environments

[110]

Liver cancer In vivo e H22
tumor bearing
Balb/c nude mice

Ultra-small lanthanide doped
nanoparticles with ultra-thin TaOx
layer (S-NPs)

n.d. Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. S-NPs caps removal due to acetal
linker hydrolysis in response to
acidic environments

[111]

Cervical
cancer

In vitro e HeLa
cells

ZnO quantum dots 100 Pore
Diameter: 2.1
Pore Volume:
n.d.

n.d. Decomposition of ZnO quantum dots
in acidic pH

[151]

Cervical
cancer

In vitro e HeLa
cells

Gold nanoparticles 100 Pore
Diameter: 3.9
Pore Volume:
1.75

1100 Electrostatic repulsion between
Cysteine present in gold
nanoparticles and NH3þ groups on
MSNs surface

[34]

Pore
Interior

Breast
cancer

In vivo e MCF-7
tumor bearing
nude mice

CTAB micelles 112 Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. Electrostatic repulsion between
CTABmicelles andMSNs porewall at
acidic pH

[112]

Liver cancer In vitro e HepG2
cells
In vivo e

Biodistribution
studies on mice

Drug-MSNs pore wall grafting 100 Pore
Diameter: 5.2
Pore Volume:
1.68

1265 Acid-labile hydrazone bond [102]

Redox Surface
Coating

e Proof of concept PEG grafted via disulfide bonds 150 Pore
Diameter: 2.9
Pore Volume:
0.9

1249 Redox sensible disulfide bond [152]

Brain cancer In vitro e U87 MG
cells

RGD sequence-containing peptide
grafted via disulfide bonds

100 Pore
Diameter:
2.64

1247 Redox sensible disulfide bond [74]
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Table 1 (continued )

Stimuli Approach Therapeutic
target

Type of test Capping agent MSNs physical parameters Release mechanism Ref.

Size
(nm)

Pore
diameter
(nm) and
volume (cm3/
g)

Particle
surface
area (m2/
g)

Pore Volume:
n.d.

e Proof of concept oligo (ethylene glycol) acrylate
crosslinked with N, N0-
cystaminebismethacrylamide

n.d. Pore
Diameter: 3.5
Pore Volume:
0.58

667.9 Redox-sensitive disulfide polymer
crosslinkers

[118]

Pore
Capping

Liver cancer In vivo e HepG2
tumor bearing
nude mice

Cytochrome C grafted to MSNs 160
e170

Pore
Diameter:
3.29
Pore Volume:
0.63

768.89 Redox sensible disulfide bond [120]

Liver cancer In vitro e HepG2
cells

MnO2 nanostructures 120 Pore
Diameter: 3.4
Pore Volume:
0.7

851.1 Redox responsiveMnO2 disassembly [119]

Cervical
cancer

In vitro e HeLa
cells

b-cyclodextrins grafted via
disulfide bonds

100 Pore
Diameter: 2.8
Pore Volume:
n.d.

967 Redox sensible disulfide bond [153]

ATP Surface
Coating

e Proof of concept ATP aptamer hybridized with
ssDNA

80 Pore
Diameter: 2.8
Pore Volume:
1

963.5 DNA coating dissociation via ATP-
competitive binding

[122]

Cervical
cancer

In vitro e HeLa
cells

Complexation between TDPA-Zn2þ

and poly(Asp-Lys)-b-Asp
54.3 Pore

Diameter:
n.d.
Pore Volume:
n.d.

n.d. Complex dissociation via ATP
competitive binding to the TDPA-
Zn2þ

[123]

Enzyme Surface
Coating

Breast
cancer

In vitro e MDA-
MB-231 cells

Poly (b-amino esters) 100 Pore
Diameter: 2
Pore Volume:
n.d.

1240 Esterase mediated coating
degradation

[124]

Liver cancer In vivo e HepG2
tumor bearing
nude mice

Serum albumin grafted via
polypeptide linker

140 Pore
Diameter:
3.61
Pore Volume:
0.80

888.55 Serum albumin detachment via
linker recognition by MMP-2
enzyme

[125]

Pore
Capping

Cervical
cancer

In vitro e HeLa
cells

a-cyclodextrins grafted via azido-
GFLGR7RGDS peptide

130 Pore
Diameter:
3.86
Pore Volume:
1.10

1136.74 Capping removal via cathepsin B
recognition and cleavage of the GFLG
sequence

[126]

Temperature Pore
Capping

Breast
cancer

In vitro e MDA-
MB-231 cells

Zinc-doped iron oxide nanocrystal
core and cucurbit[6]uril pore
capping

255 Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. Capping removal when exposed to
heat originated from magnetic field
exposition

[136]

Surface
Coating

Cervical
cancer

In vitro e HeLa
cells

Poly(2-(dimethylamino) ethyl
methacrylate)

100 Pore
Diameter:
3.48
Pore Volume:
0.58

667.9 Polymer conformational changes in
response to the temperature

[128]

Breast
cancer

In vitro e MCF-
7 cells

DNA tagged copper sulfide
nanospheres

58 Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. DNA melting when exposed to heat
originated from NIR exposition

[132]

Cervical
cancer

In vitro e HeLa
cells

DNA (hybridization of an
oligonucleotide with an aptamer)

70
e120

Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. DNA melting when exposed to heat
originated from NIR exposition

[131]

Cervical and
Breast
cancer

In vitro e HeLa and
MCF-7 cells

DNA (hybridization of an
oligonucleotide with an aptamer)

58 Pore
Diameter:
n.d.
Pore Volume:
n.d.

n.d. DNA melting when exposed to heat
originated from NIR exposition

[134]

e Proof of concept Maghemite nanocrystals and
poly(ethyleneimine)-b-poly(N-

50
e100

Pore
Diameter: 2.7

747 [135]

(continued on next page)

A.F. Moreira et al. / Microporous and Mesoporous Materials 236 (2016) 141e157 149



Table 1 (continued )

Stimuli Approach Therapeutic
target

Type of test Capping agent MSNs physical parameters Release mechanism Ref.

Size
(nm)

Pore
diameter
(nm) and
volume (cm3/
g)

Particle
surface
area (m2/
g)

isopropylacrylamide) copolymer
coating

Pore Volume:
n.d.

Polymer conformational changes
when exposed to heat originated
from magnetic field exposition

Fig. 5. TEM images of MSNs (a) and MSNs coated with S-NPs (b). Small angle powder X-ray diffraction of MSNs before (yellow) and after (purple) capping (c). Nitrogen adsorption-
desorption isotherms and pore size distribution (inset) curves before and after capping (d). Cumulative release curves of Dox from MSNs coated with S-NPs (e) and MSNs (f) in
buffer solutions at different pH. Reproduced from Ref. [111] with permission from Elsevier. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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(DTT) prompted the release of 85% of Dox initially loaded. The in-
cubation of MSNs with DTT promotes the rupture of the N,N0-cys-
taminebismethacrylamide disulfide bond (responsible for the
polymers crosslinking and consequent pore blockage), that is
fundamental for allowing the drug release from the nanoparticles.
Further, the coating inclusion led to a reduction of protein
adsorption on the surface of nanoparticles (23.4% and 3.4% of
protein adsorption for bare MSNs and coated MSNs, respectively).
Such is fundamental, since the opsonization of the nanoparticles is
one of the main mechanisms used for nanocarriers clearance from
the bloodstream. Additionally, cytotoxic assays revealed that the
coated MSNs produced a cytotoxic effect similar to the free drug
administration.

MSNs have been also functionalized with inorganic molecules.
Yang and colleagues used manganese dioxide (MnO2) nano-
structures as capping agents for MSNs pore in order to confer them
a redox-responsive behavior and also to allow a sustained Dox
delivery to HepG2 cancer cells [119]. The exposition of this system
to a reducing agent such as GSH leads to the reduction of MnO2 to
Mn2þ, which is responsible for triggering the coating disassembly
followed by Dox release. The cellular studies revealed that MnO2
coated MSNs have a higher cytotoxic effect to HepG2 cancer cells
when compared to L02 cells. Such result is justified by the higher
GSH content displayed by cancer cells, which promotes a faster Dox
release leading to an increased cell death.

Another strategy used to control the drug release from MSNs
involves the use of redox sensible pore caps that include small
nanoparticles or molecular gatekeepers. Zhang and coworkers used
cytochrome C molecules as pore-sealing agents in order to control
Dox release (Fig. 6) [120]. The drug release assays were performed
using fluorescein isothiocyanate as a model drug and they revealed
that, in the presence of DTT, MSNs released 78.9% of the drug in
only 3 h, while only 5.11% was attained in DTT absence. This dif-
ference can be explained by the disulfide bonds reduction and the
cytochrome C caps removal that allow drug diffusion out of the
pore, when MSNs are in contact with reductive environments. The
in vivo experiments revealed that cytochrome C-capped MSNs
loaded with Dox had the highest tumor inhibition (final tumor
volume of 156 mm3) among the test groups, free Dox (final tumor
volume ~630 mm3) and uncapped Dox-loaded MSNs (final tumor
volume ~360mm3). Furthermore, along the time of the experiment
no variations in nude mice body weight were observed for the
cytochrome C-capped MSNs loaded with Dox, whereas the mice's
treated with free Dox or uncapped Dox-loaded MSNs displayed an



Fig. 6. Morphology characterization of MSNs: A) representative SEM images of
MSNseTPS (left) and MSNseCytCeApt (right); and B) representative TEM image of
MSNseTPS (left) and MSNseCytCeApt (right), respectively. Reproduced from
Ref. [120] with permission from Elsevier.
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obvious decrease in bodyweight. Such results show the importance
of the gatekeeper for MSNs display an improved anti-tumoral ca-
pacity as well as to prevent unspecific body distribution and toxic
side effects.
4.3. Adenosine triphosphate responsive approaches

MSNs responsive to ATP explore the gradient of ATP concen-
tration that exists between the extracellular media and cell cyto-
plasm to trigger cargo release [121]. The ATP is one of the most
important biomolecules in the cell and it is considered the uni-
versal currency used in intracellular energy transfer processes. ATP
can be used as a trigger for cargo release since in the extracellular
environment lower ATP concentrations (0.4 mM) are found in
comparison to those available in the cytosol (1e10 mM) [121]. He
and coworkers developed an ATP responsive MSNs formed through
the hybridization of an ATP aptamer and two different single
strands of DNA chains (ssDNA1 and ssDNA2) that were grafted to
MSNs surface for drug delivery to Ramos cancer cells [122]. The
release experiments performed in the absence of ATP showed a
negligible cargo release, while the addition of ATP (20mM) resulted
in a release of 83.2% of the molecules loaded within MSNs. This
behavior indicates that the DNA coating structure dissociates
through a competitive binding between the ATP molecules and ATP
aptamer that leads to the unblocking of the pores and allow the
cargo diffusion. Moreover, the authors also verified that the amount
of the cargo released was increased with the variation of ATP
concentration until 5 mM, after this value, the release rate starts to
stabilize and reaches its maximum when the ATP concentration
attains 20 mM. In another work, Lai and coworkers developed a
polypeptide-wrapped shell/core structured mesoporous silica/
multicolor upconversion nanoparticles for Dox delivery to HeLa
cancer cells [123]. The ATP responsiveness of their MSN based
systemwas achieved by immobilizing a zinc-dipicolylamine analog
(TDPA-Zn2þ) that interacts with the poly(Asp-Lys)-b-Asp peptidic
coating. In their release experiments, it was verified that the
presence of ATP promoted the fluorescein release. The produced
nanoparticles were stable with a negligible (~4%) fluorescein
release in the absence of ATP while the addition of increasing
concentrations of ATP (1 mM, 5 mM, and 10 mM) greatly increased
the amount of fluorescein released to z56%, z78% and z90,
respectively. These results demonstrate that the ATP-competitive
binding to the TDPA-Zn2þ complex promotes the polypeptide
coating disassembly and cargo release.

4.4. Enzymatic dependent release

Another strategy used to achieve a site-specific drug release
involves enzymes, which are available in the tumor tissue, for
promoting the uncapping of MSNs and consequent cargo release.
Therefore, these enzyme-responsive systems are designed to take
advantage of the different intracellular and extracellular enzymes
that are overexpressed or exhibit increased activity in tumor tis-
sues. The utilization of enzymes as triggers to promote the drug
release has been focused on the selection of MSNs surface coatings
or pore capping/gatekeepers materials that can act as subtracts for
enzymes. Fernando et al. grafted poly (b-amino esters) onto MSNs
surface in order to obtain a controlled Dox release to MDA-MB-231
cancer cells, using an enzyme-mediated process [124]. The poly (b-
amino ester) polymer was grafted through the establishment of a
covalent bond between the polymer catechol groups and phenyl-
boronic acid residues, previously introduced on MSNs surface. The
incubation of this system with esterases resulted in a faster Dox
release, reaching a maximum of 77%, which demonstrates that the
ester groups were recognized by these enzymes and then hydro-
lyzed. Furthermore, the polymer coated MSNs displayed a similar
cytotoxic effect to that of free Dox, which is explained by the high
esterase concentrations present on cancer cells. In another study,
Liu and coworkers used matrix metalloproteinase (MMP)-2 cleav-
able substrate polypeptide (PVGLIG) as a linker between MSNs and
phenylboronic acid conjugated with human serum albumin coating
[125]. Such procedure conferred to the carriers an enzymatic
responsive character that allows them to perform the Dox delivery
to HepG2 cancer cells. The release assays were performed using
MMP-2 as the enzymatic trigger and the attained results revealed
that after 24 h 73% of Dox was released from the nanoparticles,
contrasting with the 17% of drug released when no enzyme was
used. Such data shows that the MMP-2 enzyme can degrade the
polypeptide (PVGLIG) linker, resulting in serum albumin coating
removal and drug diffusion. Further, the in vivo application of these
nanoparticles inhibited the hepatic tumor growth in mice and also
displayed negligible toxic effects to normal organs. On the other
side, the administration of free Dox or bare MSNs loaded with Dox
displayed a smaller inhibitory effect on tumor growth and mice's
weight decreased during the experiment time. Additionally, some
degree of cardiotoxicity was observed for the test group treated
with free Dox [125].

Cheng and colleagues used cyclodextrins as MSNs pore gate-
keepers to control the Dox deliver to HeLa cancer cells [126]. To
imprint the enzymatic responsive behavior to MSNs, the carriers
were initially functionalized with g-(2-aminoethyl)-aminopropyl
trimethoxysilane for allowing a posterior modification with prop-
argyl bromide originating MSNs-alkyne. Afterward, the enzyme
sensitive pore gatekeepers, the azido-GFLGR7RGDS peptide/a-cy-
clodextrins, were grafted by reacting them with the MSNs-alkyne.
The incubation of this MSN system with cathepsin showed that
60% Dox was released in 24 h, whereas in cathepsin absence the
release was only 10%. This result indicates that the cathepsin B
recognize and cleaves the GFLG sequence present in the pore
gatekeeper peptide causing its removal and consequent Dox
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release. Moreover, in the cellular studies the pore capped MSNs
presented a similar effect to free Dox administration (IC50 ~1.2 mg/
mL and ~0.49 mg/mL, respectively). However, due to the RGD
sequence present at MSNs surface in the pore gatekeeper, the MSNs
possess some degree of selectivity to the avb3-integrins overex-
pressed by cancer cells.

4.5. Temperature responsive MSNs systems

The unique architecture of the tumor tissue originates an
increment of the local temperature, giving the opportunity to
explore the temperature difference between the tumor site and the
surrounding healthy tissues to trigger a controlled release of the
nanocarriers' cargo [98]. This temperature difference can result
from the high cellular proliferation rate, abnormal vasculature and
the presence of defective vascular nerve receptors found in the
tumor tissues [127]. The abnormal tumor vasculature impairs the
blood circulation through the tissue, which difficult the heat
diffusion/removal from that area [19]. On the other side, the mal-
functioning of the vascular nerve receptors hinders the effective
temperature control by the nervous system. Therefore, to take
advantage of this temperature increase it is desirable to design
temperature-responsive drug carriers that only release drugs at
temperatures above 37 �C, but confer drug protection while these
systems are in blood circulation. Sun and colleagues developed
poly(2-(dimethylamino) ethyl methacrylate)-coated MSNs for
performing a temperature-dependent drug release to HeLa cancer
cells [128]. The release experiments were performed using rhoda-
mine B as a model drug and the obtained results revealed that the
amount of drug released is proportional to the temperature incre-
ment. When incubated at 55 �C for 4 h about 80% of the encapsu-
lated rhodamine was release. On the other side, when the MSNs
were incubated at 45 and 30 �C the amount of rhodamine released
decreased to 50 and 23%, respectively. This behavior is justified by
the phase transition that the polymer shell suffers. When the
temperature increases, the polymer chains shrink and rhodamine
exits. Furthermore, the heating also accelerates rhodamine diffu-
sion out of the pores by increasing its solubility.

Alternatively, the temperature differences between tumor and
healthy tissues can be magnified by using external sources to create
heat. Some materials based on carbon, copper, gold or others are
capable of producing heat in response to specific wavelengths such
as near infrared (NIR) radiation [129]. For biological applications,
NIR is a very interesting alternative, since biological components
such as proteins, melanin, hemoglobin, collagen and water present
low or insignificant absorption of this radiation [130]. Furthermore,
within the NIR region wavelength, three distinct regions have been
identified as optimal (i.e. with wavelengths ranging from 700 to
950 nm, 1000e1350 nm and 1550e1870 nm), where each region
presents an increased transparency against the biological compo-
nents [131]. Zhang and coworkers developed MSNs coated with
DNA tagged with copper sulfide nanospheres in order to develop a
thermo-responsive Dox delivery system for HeLa andMCF-7 cancer
cells [132]. For that purpose, the MSNs were functionalized with 3-
aminopropyl triethoxysilane and then, an oligonucleotide was
coupled to MSNs surface using succinimidyl 4-N-maleimidomethyl
cyclohexane-1-carboxylate (SMCC) as crosslinker. The DNA-
conjugated MSNs were mixed with the DNA tagged nanospheres
to allow their hybridization, this DNA structure will block the pore
openings and consequently entrap the Dox in the pore interior. The
release assays revealed that the MSNs exposition to the NIR laser
irradiation triggered the Dox release. Moreover, longer irradiation
periods resulted in higher release rates. The release profile dis-
played by MSNs is justified by the generation of heat by the copper
sulfide nanospheres when they are exposed to the NIR radiation,
leading to the DNAmelting and consequent Dox diffusion out of the
pores. The cellular studies revealed that the administration of these
nanocarriers, without being irradiated, to HeLa and MCF-7 cells did
not have a pronounced cytotoxic effect (~70% of HeLa and ~95% of
MCF-7 cells remained viable). However, upon laser irradiation for
30 s the HeLa andMCF-7 cell viabilities decreased to less than 10%, a
result that can be explained by the faster Dox release and to the
localized increase of temperature that can sensitize cancer cells to
the Dox action as well as promote the inhibition of the cell DNA
repair mechanisms, or even lead to cell necrosis when the tem-
perature is superior to 45 �C [133].

Similarly, Zhang and colleagues developed a DNA-conjugated
mesoporous silica coated with copper sulfide nanoparticles as a
NIR-responsive delivery system of curcumin and Dox to MCF-7 and
HeLa cancer cells [134]. To allow the DNA hybridization, the thiol
modified oligonucleotide was grafted on amino-functionalized
MSNs by using SMCC crosslinker. Afterward, the oligonucleotide-
modified MSNs were incubated with a targeting AS1411 aptamer,
allowing the AS1411 to hybridize with the oligonucleotide in order
to a pore blocking structure be formed. The thermo-responsivity of
this system was evaluated by performing assays with and without
irradiation. The authors observedwithout NIR laser irradiation only
18% of Dox and 13% of curcumin were released. However, the
irradiation of this system with NIR laser prompted the Dox and
curcumin drug release (94 and 95%, respectively). These results
indicate that the heat generated from the copper sulfide nucleus
upon NIR laser irradiation leads to the denaturation of the DNA
gatekeeper followed by drug diffusion from the MSNs. Further, in
the cellular studies after NIR irradiation the MCF-7 and HeLa cells
viability decreased to values lower than 20%, contrasting with the
60% cell viability observed for the cells exposed to the free drug
administration.

On the other side, the use of external magnetic fields is an
alternative approach capable of magnifying the local temperature
in the tumor tissue. The use of magnetic fields as a trigger for a
controlled release has an advantage over the use of NIR due to the
better tissue penetration properties. Usually in this approaches, the
MSNs have in its structure a magnetic responsive material (e.g.
superparamagnetic iron oxide crystals) which produce heat when
exposed to oscillating magnetic fields. Therefore, the resulting in-
crease in the temperature is explored as the stimuli for the pore
opening and allow the drug release. Baesa and coworkers devel-
oped a MSN-based drug delivery system with superparamagnetic
maghemite nanocrystals entrapped within its structure and coated
with poly(ethyleneimine)-b-poly(N-isopropylacrylamide) copol-
ymer [135]. The release assays performed, using fluorescein as drug
model, revealed that the exposition to an alternated magnetic field
promotes the drug release reaching a final value of almost 50%,
whereas in the absence of the magnetic field only a small leaching
of the drug from MSNs was observed. Such behavior indicates that
the local increase in temperature leads to a phase transition change
on the polymeric coating, allowing the drug diffusion from the
pores. Similarly, Thomas and colleagues developed a magnetic
responsive MSN-based system comprised by a zinc-doped iron
oxide nanocrystal core and a capping of cucurbit[6]uril to deliver
Dox to MDA-MB-231 breast cancer cells [136]. The release assays
revealed that the drug delivery occurs in response tomagnetic field
pulses. In fact, the authors observed that a single magnetic pulse
was capable of promoting the release of 40% of the drug and when
the particles were exposed to multiple pulses this value increased
to about 95%. In contrast, only a negligible drug release occurs in
the absence of a magnetic field. Such results indicate that the local
internal heating promotes the removal of cucurbit[6]uril from the
MSNs pore openings and allows the drug to diffuse out of the pores.
Further, the cellular studies revealed that the combination of the



Fig. 7. SEM (A) and TEM (B) of MSN nanoparticles. Reproduced from Ref. [141] with
permission from Elsevier.
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nanoparticle administration with the magnetic field exposition
increased the cytotoxic capacity of the system, 35% of cell death,
contrasting with the 5% observed in the absence of a magnetic field.

4.6. Multi-stimuli responsive MSNs

In addition to the abovementioned approaches, MSNs based
systems can be engineered in order to be sensitive tomore than one
stimulus. These multi-stimuli responsive approaches combine the
advantages of different single stimulus responsive strategies with
the intent to enhance the spatial-temporal control of the cargo
release. In fact, pH is one of the most exploited stimuli in multi-
responsive MSNs and it has been used in combination with the
enzymatic responsive mechanisms [137], temperature [138],
glucose [139] or others. Chen and coworkers developed an MSNs-
based delivery system capped with gold nanoparticles that were
used to deliver Dox to HeLa cells. These nanocarriers were
responsive to two different biological stimuli, pH and ATP [34].
Their results showed that the incubation of this gold capped MSNs
in acidic pH's (4 and 4.5) prompted the cargo release, achieving a
maximum of 90% at pH 4 and only 32% for pH 4.5. Moreover, the
nanocarrier incubation at pH values superior to 5 resulted in an
insignificant drug leakage. The pH responsivity of the gold capped
MSNs is explained by the L-cysteine pH dependent charge. When
the pH is higher than 5, L-cysteine is negatively charged and
attracted to MSNs surface, leading to pore blockage. On the other
hand, when the pH is inferior to 5, L-cysteine is protonated and a
repulsion with the protonated MSNs surface occurs, that results in
capping removal and subsequent drug release. Furthermore, upon
addition of 10 mM ATP at pH 7, the MSNs cargo started to be
released in a rapid way, in response to the gold nanoparticles
capping removal through ATP chelation with Cu2þ. The in vitro
assays revealed that the MSNs capped with gold nanoparticles
displayed a similar cytotoxic effect to that of free drug (cell viability
was ~50% after 24 h of drugs or MSNs administration).

In a different approach, Xiao and colleagues developed a pH and
redox-responsive targeted MSNs nanocarrier for drug delivery to
U87 cancer cells [140]. In their work, the MSNs were modified with
(3-mercaptopropyl) trimethoxysilane and 2e20-dithiodipyridine to
produce MSN-S-S-Pyridine. Subsequently, RGDFFFFC peptide with
an azide-terminal group was grafted onto the MSNs surface
through the formation of a disulfide bond and the monomethoxy
polyethylene glycol benzaldehyde polymer was linked to the pep-
tide using click chemistry, to originate a stimulus responsive
coating. In the release experiments, authors verified that an in-
crease in DTT concentration leads to an increase in Dox release,
reaching a maximum of 50% for 10 mM of DTT. Furthermore, the
MSNs incubation at pH 5 in the absence of DTT resulted in a small
release of Dox, while at pH 7.4 no distinguishable drug release was
noticed. The nanocarrier redox responsive behavior (in the pres-
ence of DTT) is justified by the cleavage of the disulfide bonds that
were formed between the peptide and MSNs surface, leading to a
complete coating removal followed by Dox release from the car-
riers. When the particles are exposed to an acidic environment the
benzoic-imine bond established between the peptide and PEG is
hydrolyzed and, therefore, Dox leaks through the polymer/peptide
coating. Furthermore, in in vitro assays, the coated MSNs displayed
a pH dependent cytotoxicity, cell viability ranged from ~60% to
~25% at pH 7.4 and 5.0, respectively. Such result can be justified by
the faster drug release when the pH and redox stimuli are present
and the therapeutic effect is enhanced.

Other strategies can also be employed to create multi-
responsive MSNs (Fig. 7) [141]. Jiao and colleagues developed
MSNs that are responsive to redox environments and temperature,
in order to control the Dox delivery to HeLa cancer cells [142]. The
developed MSNs displayed a Dox release that was proportional to
temperature, ranging from 10.6% at 37 �C, to 57.4% and 69.3% at 41
and 43 �C, respectively. Such results can be justified by the swollen
state of the polymer shell, at low temperatures (�37 �C), where the
polymer is able to interact with drug and restrict their diffusion to
the surrounding environment. In contrast, at higher temperatures
the conformational changes that the polymer suffers decreases the
polymer/drug interaction and also shortens the drug diffusion
distance. Such allows a higher Dox release rate. Furthermore, the
authors incubated the nanocarrier with 1 and 10 mM of GSH, at
37 �C, which resulted in a Dox release of 16.3% and 77.2%, respec-
tively. The observed release profile indicates that the presence of a
redox agent promotes the loosening or removal of polymer shell
that results in drug diffusion from the MSNs. Additionally, the IC50
of coated MSNs loaded with Dox (640 ng/mL) is similar to that
gathered with free Dox (578 ng/mL). Moreover, although not all the
Dox-loaded on MSNs was released during the experiment, the
particles presented a cytotoxic effect that is equivalent to that of
free drug administration.
4.7. Mathematical models used to simulate the drug release kinetics

The mathematical modeling allows the characterization of the
drug release kinetics from the nanocarrier. Subsequently, the ob-
tained in silico data can be used as a starting point to further
optimize the developed MSN-based system. Usually, the drug
release process can be divided into four main steps, the nano-
particles impregnation in the releasemedium, the drug dissolution,
the drug diffusion through the particle matrix and the drug diffu-
sion/convective transport in the release medium [143]. Despite the
fact that in literature there are various mathematical models
employed to analyze the release kinetics, the drug release profile
for many DDSs can be modeled by applying the classic Fick's
diffusion model or the Higuchi diffusion model [143,144]. More-
over, the majority of the MSNs drug delivery systems presents a
release profile that follows the Higuchi diffusion model and can be
divided into two main phases, an initial burst with a subsequent
slow and controlled release [144]. Doadrio and colleagues reported
that the erythromycin release profile from MSNs followed the
Higuchi model when the release values were inferior to 50% [145].
Furthermore, Horcajada and coworkers observed that the
ibuprofen release from the MSNs matrix had a linear relation with
the one predicted by Higuchi model, with a regression factor (r
value) superior to 0.99 [146]. Such behavior has been attributed to
the physical and chemical entrapping of the drug within the MSNs
pores. Further, the biomolecules diffusion to the outer medium
occurs along time accordingly to the concentration gradient.
Nevertheless, it is worth to notice that the modifications performed
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on MSNs to imprint the stimuli-responsiveness can impact the
release kinetics being important to evaluate and study each system
individually.

5. Conclusion and future directions

In the present review, it was highlighted the MSNs potential to
be used as stimuli-responsive anticancer DDSs. These systems can
enhance drug solubility, avoid its premature degradation, sidestep
drug interaction with healthy tissues, and ultimately, improve the
drug bioavailability and therapeutic effectiveness. The strategies
adopted by researchers to obtain a stimuli-sensitive drug release
fromMSNs include surface coating, pore capping, and pore interior
functionalization. For that purpose, materials such as polymers,
proteins, small molecules and inorganic components have been
incorporated in MSNs to control the drug release. In turn, in
response to stimuli present in the tumor the drug release from
MSNs will occur due to the material degradation, conformational
changes, detachment or charge repulsion. Moreover, the utilization
of materials such gold and copper sulfide in these strategies also
allows the combination of chemo- and thermo-therapies or even to
perform real-time imaging (i.e. tumor visualization, particle
tracking, etc.). Alternatively, the utilization of polymers (e.g. chi-
tosan, PVP, PEG conjugates, etc.) or even protein-based approaches
in addition to the stimuli responsiveness can enhance the biological
performance of the MSNs by decreasing the protein adsorption,
hemolysis, RES recognition, and their accumulation in healthy or-
gans. Such can significantly impact on nanocarrier biocompatibility
and therapeutic effectiveness.

In conclusion, nowadays, MSNs already have shown to be
capable of keeping the drugs enclosed in its structure during blood
circulation and, after reaching at the target site, release them in a
highly controlled manner. Such controlled release can greatly
reduce the undesirable side effects that currently limits the efficacy
of antitumoral therapies. However, regardless of the advantageous
versatility of these systems and the capacity to provide a very
limited premature drug release, this DDSs often appear compli-
cated and many still remain as proofs of concept. From this
standpoint, it is still necessary to develop innovative methods for
MSNs synthesis and functionalization that comply with the good
manufacturing practice requirements in order to allow the tech-
nology transfer from lab to clinic. On the other side, as can be seen
in Table 1, most of the MSNs-based systems in development are
only evaluated using 2D cell cultures, which do not correlate with
the real complexity of the tumors in the human body. Therefore,
the MSNs real anti-tumoral capacity should be evaluated in more
realistic in vitro models such as 3D cell cultures, which presents
similar structure and cellular behavior to that observed on the real
tissues. Further, the in vivo validation of MSNs-based systems is still
required, mainly at the nanoparticles biodistribution, biodegrada-
tion, excretion and clearance level. In concordance to that the
colloidal stability of MSNs in physiological media should also be
studied in detail as well as the influence the administration route
on the nanoparticle efficacy. The information that would be ob-
tained from these extensive and comprehensive studies would
allow the development of more well-designed MSNs-based ap-
proaches capable to reach the market, providing a novel generation
of therapeutic agents more suitable for cancer application without
the adverse side-effects.
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